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We study the latest Nf = 2 + 1 + 1 and Nf = 2 ETMC lattice QCD simulations of the nucleon masses
and extract the pion-nucleon sigma term utilizing the Feynman-Hellmann theorem in SU(2) baryon chiral per-
turbation theory with the extended-on-mass-shell scheme. We find that the lattice QCD data can be described
quite well already at the next-to-next-to-leading order. The overall picture remains essentially the same at
the next-to-next-to-next-to-leading order. Our final result is σpiN = 50.2(1.2)(2.0) MeV, or equivalently,
fNu/d = 0.0535(13)(21), where the first uncertainty is statistical and second is theoretical originated from chiral
truncations, which is in agreement with that determined previously from the Nf = 2 + 1 and Nf = 2 lattice
QCD data and that determined by the Cheng-Dashen theorem. In addition, we show that the inclusion of the
virtual∆(1232) does not change qualitatively our results.
PACS numbers: 12.39.Fe, 12.38.Gc, 14.20.Dh
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I. INTRODUCTION
In recent years, the pion-nucleon sigma term has attracted
much attention, partly because of its role in predicting the
cross section of certain candidate dark matter particles inter-
acting with the nucleons [1]. Historically, a “canonical value”
of the pion-nucleon sigma term σπN = ml〈N |u¯u+ d¯d|N〉 ∼
45MeVwas derived in Ref. [2] from the pion-nucleon scatter-
ing data. Later, an updated analysis of πN scattering yielded
a larger value σπN = 64(8) MeV [3]. In the past few years,
several phenomenological studies of pion-nucleon scattering
using chiral perturbation theory (ChPT) and/or Roy-Steiner
equations, e.g. Refs. [4–8], have derived a σπN around 60
MeV. In the meantime, the pion-nucleon sigma term has also
been extensively studied in lattice quantum chromodynam-
ics (lattice QCD) by either computing three-point (the direct
method) [9–13] or two-point correlation functions (the so-
called spectrum method) [14–25]. Due to the many system-
atic and statistical uncertainties inherent in these studies, no
consensus has been reached on the precise value of the pion-
nucleon sigma term, although several recent studies seem to
prefer a small value∼ 40MeV [11–13, 25]. Apparently, there
exists a tension between the pion-nucleon sigma term deter-
mined from the phenomenological studies and that from the
lattice QCD simulations.
As stressed in Ref. [23], two key factors are important in a
reliable and accurate determination of the pion-nucleon sigma
term using the lattice nucleon mass data with the spectrum
method, i.e., lattice QCD simulations with various setups and
configurations and a proper formulation to parameterize the
pion-mass dependence of the nucleon mass. For the later,
baryon chiral perturbation theory (BChPT), an effective field
∗ E-mail: lisheng.geng@buaa.edu.cn
theory of low-energy QCD, provides a model-independent
framework to study the pion-mass dependence of the nucleon
mass. In the last few years, the European Twisted Mass Col-
laboration (ETMC) has performed several lattice QCD stud-
ies to extract the nucleon mass with the Nf = 2 [26, 27]
and Nf = 2 + 1 + 1 [24] twisted mass fermions. Since the
dynamical strange and charm quarks have minor impact on
the ETMC nucleon masses, in a recent work, Alexandrou et
al. (ETMC) performed a combined fit to the 17 sets of the
Nf = 2 + 1 + 1 nucleon masses and one Nf = 2 phys-
ical ensemble using SU(2) BChPT 1, and predicted a pion-
nucleon sigma term 64.9(1.5)(13.2)MeV [27]. This value is
much larger than that obtained from the direct method with
the ensemble at the physical point by the same collabora-
tion, σπN = 37.2(2.6)
(4.7)
(2.9) [12]. However, ones should note
that the large σπN of Ref. [27] was obtained in the spec-
trum method using the heavy baryon (HB) chiral perturba-
tion theory, which is known to perform sometimes badly in
terms of convergence (see, e.g., Ref. [30, 31]). Particularly,
it was shown in Ref. [27] that at next-to-next-to-leading or-
der (NNLO) the best fit yields a χ2/d.o.f. ≈ 1.6 while
only at “next-to-next-to-next-to leading order (N3LO)” 2, a
χ2/d.o.f. ≈ 1.1 can be achieved.
Since the determination of the pion-nucleon sigma term via
the Feynman-Hellmann theorem is sensitive to the extracted
pion-mass dependence of the nucleon mass from the lattice
QCD data, a better description of the ETMC data is needed.
Therefore, it is timely and worthy to reanalyze the same lat-
1 In principle, the twisted-mass ChPT [28, 29] is more suitable for the anal-
ysis of the ETMC data.
2 One should note that this is not a complete N3LO study in HB ChPT,
since the contributions from the O(p4) tadpole and mass-insertion loop
diagrams were not included.
2tice QCD data as Ref. [27] using covariant baryon chiral
perturbation theory with the extended-on-mass-shell (EOMS)
scheme [32], which has shown a number of both formal and
practical advantages and has solved a number of long-existing
puzzles in the one-baryon sector [33]. Furthermore, the ap-
plications of the EOMS BChPT in the studies of the lattice
QCD octet baryon masses turn out to be very successful as
well [20, 21, 34, 35]. 3 Therefore, in this work, we employ
the two-flavor covariant BChPT to calculate the nucleon mass
up to N3LO. It is shown that we can achieve a better descrip-
tion of the 18 sets of ETMC data, i.e. χ2/d.o.f. ≤ 1.0,
in comparison with the study in the HB scheme [27]. With
the obtained LECs, we predict a pion-nucleon sigma term,
σπN = 50.2(1.2)(2.2) MeV, using the Feynman-Hellmann
theorem.
This paper is organized as follows. In Section II, we briefly
summarize the theoretical ingredients needed to analyze the
ETMC lattice QCD data. In Section III, we perform fits to
them following the strategy of Ref. [27] and predict the pion-
nucleon sigma term using the Feynman-Hellmann theorem.
The so-obtained low-energy constants (LECs) are then used
to calculate the scattering length as well as the pion-nucleon
sigma term with the Cheng-Dashen theorem. In Section IV, a
short summary is given.
II. THEORETICAL FRAMEWORK
The nucleon mass has been calculated up to O(p4) both in
the two-flavor sector [21] and in the three-flavor sector [20]
in covariant BChPT with the EOMS scheme. To make the
present work self-consistent, we spell out the nucleon mass
up to O(p4), which in the isospin symmetric limit reads
mN = m0 − 4c1m2π + αm4π +
3c2m
4
π
128π2f2π
− 3
64π2f2π
(8c1 − c2 − 4c3)m4π
(
1 + log
µ2
m2π
)
+
3g2A
4(4πfπ)2
[
H
(3)
N (m0, mπ, µ)
+ H
(4)
N (m0, (−4c1m2π), mπ, µ)
]
, (1)
where fπ is the pion decay constant in the chiral limit, and gA
is the axial coupling. There are four LECs, c1, c2, c3, and α.
The two loop functions,H
(3)
N and H
(4)
N , are the contributions
of the O(p3) and O(p4) one-loop diagrams with the power-
3 It has been extended to heavy flavor sectors in recent years, see, e.g.,
Refs. [36–39].
counting breaking terms subtracted [20, 21]
H
(3)
N = −
2m3π
m0
[
mπ
2
log
m2π
m20
+
√
4m20 −m2π ×(
arctan
mπ√
4m20 −m2π
− arctan m
2
π − 2m20
mπ
√
4m20 −m2π
)]
, (2)
H
(4)
N =
2m3π
m20
√
4m20 −m2π
(4c1m
4
π) arccos
mπ
2m0
−m2π
[
4c1m
4
π
m20
log
m2π
m20
− 8c1m2π log
m20
µ2
]
, (3)
which are calculated in the dimensional regularization scheme
with the renormalization scale µ. Following Ref. [40], we take
fπ = 0.0871 GeV, gA = 1.267, and µ = 1.0 GeV in our
numerical study, unless otherwise specified.
In principle, the four LECs (ci and α) can be calculated
directly from QCD. However, because of the nonperturba-
tive nature of QCD at low energies, one usually determines
their value by performing a least-square fit to the lattice QCD
nucleon masses and/or experimental data. It was shown in
Refs. [20, 22] that finite volume corrections need to be taken
into account, particularly for the mπL < 4 ensembles, in or-
der to describe the lattice QCD data with a χ2 ≈ 1.0. In the
present case, since some of the ETMC results are obtained
with mπL < 4, we take the finite volume corrections into
TABLE I. Eighteen sets of the Nf = 2 + 1 + 1 and one Nf = 2
ETMC data of Ref. [27].
Set No. Volume Statistics aµl ampi amN
Nf = 2 + 1 + 1, β = 1.90
1
323 × 64
2960 0.0030 0.1240 0.5239(87)
2 6224 0.0040 0.1414 0.5192(112)
3 1548 0.0050 0.1580 0.5422(62)
4
243 × 48
8368 0.0400 0.1449 0.5414(84)
5 7664 0.0060 0.1728 0.5722(48)
6 7184 0.0080 0.1988 0.5898(50)
7 8016 0.0100 0.2229 0.6206(43)
8 203 × 48 2468 0.0040 0.1493 0.5499(195)
Nf = 2 + 1 + 1, β = 1.95
9
323 × 64
2892 0.0025 0.1068 0.4470(59)
10 4204 0.0035 0.1260 0.4784(48)
11 18576 0.0055 0.1552 0.5031(16)
12 2084 0.0075 0.1802 0.5330(42)
13 243 × 48 937 0.0085 0.1940 0.5416(50)
Nf = 2 + 1 + 1, β = 2.10
14
483 × 96
2424 0.0015 0.0698 0.3380(41)
15 744 0.0020 0.0805 0.3514(70)
16 904 0.0030 0.0978 0.3618(68)
17 323 × 64 7620 0.0045 0.1209 0.3944(26)
Nf = 2, β = 2.10, csw = 1.57551
18 483 × 96 861200 0.0009 0.0621 0.4436(11)
3TABLE II. Fitted LECs of the O(p3) and O(p4) EOMS BChPT, as well as the predicted σpiN . The numbers in the parentheses are the
statistical uncertainties at the 68.3% confidence level.
χ2/d.o.f. m0 (GeV) c1 (GeV
−1) α (GeV−3) c2 (GeV
−3) c3 (GeV
−3) σpiN (MeV)
O(p3) 0.87 0.882 ± 0.002 −0.95 ± 0.02 – – – 50.2± 1.2
O(p4) 0.75 0.879 ± 0.010 −1.03 ± 0.20 7.31 ± 9.43 −2.34 ± 4.14 −2.67± 1.60 52.2± 6.6
account up to O(p4), which read
δmN =
3g2A
4f2π
(
δH
(3)
N + δH
(4)
N
)
+
3
2f2π
[
2c1m
2
πδ1/2(m
2
π)
−c2δ−1/2(m2π)− c3m2πδ1/2(m2π)
]
, (4)
with
δr(M2) = 2
−1/2−r(
√
M2)3−2r
π3/2Γ(r)
×∑
~n6=0
(L
√
M2|~n|)−3/2+rK3/2−r(L
√
M2|~n|),(5)
where Kn(z) is the modified Bessel function of the second
kind, and
∑
~n6=0
≡
∞∑
nx=−∞
∞∑
ny=−∞
∞∑
nz=−∞
(1− δ(|~n|, 0)), (6)
with ~n = (nx, ny, nz). The finite volume correction of
the one-loop diagrams, δH
(3)
N and δH
(4)
N , are calculated in
Refs. [20, 42] and read
δH
(3)
N = −
∫ 1
0
dx
[
1
2
m0(2x+ 1)δ1/2(M2N )
−1
4
m0
(
m20x
3 +M2N(x + 2)
)
δ3/2(M2N )
]
, (7)
and
δH
(4)
N =
∫ 1
0
dx
{
−1
2
δ1/2(M2N )(2x+ 1)m(2)N
−1
4
δ3/2(M2N )
[
m2π(x− 1)(x+ 2)m(2)N
−2xm20(5x2 + 4x)m(2)N
]
−1
4
δ5/2(M2N)
[
6m40(x + 1)x
4m
(2)
N
−3m20m2πx2(x− 1)(x+ 2)m(2)N
]}
, (8)
with the leading order correction to the nucleon self-energy
m
(2)
N = −4c1m2π andM2N = x2m20 + (1− x)m2π − iǫ.
Once we obtain the nucleon mass, the pion-nucleon sigma
term can be predicted utilizing the Feynman-Hellmann theo-
rem [41], which dictates that in the isospin symmetric limit
the σπN can be calculated from the light quark mass or equiv-
alently the pion mass dependence of the nucleon mass, mN ,
in the following way
σπN = ml〈N |u¯u+ d¯d|N〉 ≡ ml ∂mN
∂ml
, (9)
where leading order ChPT has been used to relate the light
quark mass with the pion mass. 4
III. RESULTS AND DISCUSSIONS
A. Pion-nucleon sigma term from Feynman-Hellmann
theorem
In this subsection, we perform a least-square fit to the 18
sets of lattice QCD data (in the lattice unit) of Ref. [27], which
are summarized in Table I, together with the nucleon mass
mN = 0.938 GeV at the physical pion mass mπ = 0.135
GeV.
At NNLO, one only has two LECs, namely m0 and c1, as
shown in Eq. (1). On the other hand, the four lattice spac-
ings a should also be determined self-consistently, according
to Ref. [27]. As a result, in total we have 6 free parameters
to describe the ETMC nucleon masses. The best fit yields a
χ2/d.o.f = 0.87, which is already smaller than 1.0, contrary
to the HB ChPT case [27]. The values ofm0 and c1 are tabu-
lated in Table II, and the four lattice spacings are
aNf=2+1+1,β=1.90 = 0.0964(12) fm,
aNf=2+1+1,β=1.95 = 0.0855(9) fm,
aNf=2+1+1,β=2.10 = 0.0661(7) fm,
aNf=2,β=2.10 = 0.0933(3) fm. (10)
We note that the so-determined lattice spacings are in good
agreement with those determined in the HB ChPT fit with the
small scale expansion scheme up to “N3LO” [27]. In our stud-
ies up to N3LO, there are three more LECs, namely c2, c3, and
α, resulting in a total of 9 parameters. We note, however, that
the ETMC data cannot unambiguously fix the 5 LECs and the
lattice spacings simultaneously. As a result, we chose to fix
the lattice spacings at the values determined at the NNLO.
The resulting fit is shown in Table II, and the description of
the ETMC data is slightly improved in comparisonwith that of
NNLO. One can see that the values ofm0 and c1 are consistent
with the ones from theO(p3) fit with slightly larger uncertain-
ties. We note that our c1 is almost the same as that given in
the studies of pion-nucleon scattering [4, 6, 44, 45]. However,
4 We have checked that using the next-to-leading order ChPT instead of the
leading order ChPT does not yield quantitatively different results [23, 40].
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FIG. 1. ETMC data with finite volume corrections subtracted in comparison with the best fits in the N2LO and N3LO BChPT.
at N3LO, the three LECs c2, c3, and α can not be determined
precisely. Compared with those of Refs. [4, 6, 44, 45], the val-
ues of c2 and c3 are different, particularly, c2 is negative. In
addition, if the LECs c2 and c3 were fixed at those of Ref. [44],
the fit-χ2/d.o.f. would increase to more than one, but the cor-
responding pion-nucleon sigma term would not change much.
In Fig. 1, we show the pionmass dependence of the nucleon
mass as predicted by the O(p3) and O(p4) BChPT. Clearly,
the agreement with data in both cases are of the same quality.
It should be noted that in plotting the lattice QCD data, finite
volume corrections have been subtracted, which can reach as
large as a few tens of MeV for lattice QCD simulations with
large mπ and small mπL, such as set 4, 5, 8, 9, and 17 of
Table I.
Since the ETMC data can be well described with
χ2/d.o.f. < 1.0 up to NNLO and N3LO in covariant BChPT,
we take the result of O(p3) as the central value, σπN =
50.2(1.2)(2.0) MeV, where the first uncertainty is statistical
and second is theoretical originated from chiral truncations.
We could as well choose the N3LO prediction as our cen-
tral value and obtain σπN = 52.2(6.6)(2.0) MeV. In the
present case, we prefer to take the NNLO prediction because
the ETMC data do not constrain very well the LECs at N3LO.
In Refs. [6, 21, 34, 45], the virtual ∆(1232) was found to
be able to improve the convergence of BChPT in certain cases.
Thus, following Ref. [21], we take the contribution of the vir-
tual ∆(1232) to the nucleon mass into account up to N3LO
and study its effect on the description of the ETMC data and
on the prediction of the pion-nucleon sigma term. The perti-
nent LECs are fixed in the following way: hA = 2.85 [21]
and the mass splitting δ = m∆0 − m0 = 0.292 GeV. At
N3LO, the value of c∆1 is fixed by fitting the NLO delta-
isobar mass m∆ = m∆0 − 4c∆1m2π to its physical value,
yielding c∆1 = (m0 − 0.942)/(4m2π). We take the lattice
spacings as given in Eq. (10) and present the fitting results
in Table III. At NNLO, including the ∆(1232) contribution
increases the fit-χ2/d.o.f. to about 2.8, similar to what hap-
pened in Refs. [21, 34]. While, at O(p4), the description of
the lattice data is almost the same as that without the∆(1232)
contribution, and the obtained pion-nucleon sigma term is
σπN = 53.0(6.8) MeV, which agrees with the one obtained
without the ∆(1232) contribution within uncertainties. One
may conclude that the contribution of the∆(1232) can be ab-
sorbed by the LECs of the nucleon only case up to N3LO,
consistent with the finding in the SU(3) study [34].
One must note that we did not provide a comprehensive
assessment of theoretical uncertainties and they can be much
larger. On one hand, they could come from the use of the
SU(2) BChPT to study the Nf = 2 + 1 + 1 lattice QCD data
and from our neglect of the lattice spacing artifacts. On the
other hand, they can also come from our choice for the de-
cay constant f0 and the renormalization scale µ. For instance,
we noticed that instead of f0 = 0.0871 GeV, the choice of
f0 = 0.0922 GeV [43] decreases the central value of σπN by
2 ∼ 3 MeV at both NNLO and N3LO. Nonetheless, such a
choice still yields a χ2/d.o.f. < 1 and therefore cannot be
distinguished from our original choice.
A recent study of the pion-nucleon scattering with the Roy-
Steiner equations [7] found that the effects of isospin break-
ing on the pion-nucleon sigma term is around 3MeV, which is
comparable to the uncertainty from chiral truncations. There-
fore, the isospin breaking effects on the σπN should be care-
fully investigated. However, the ETMC data is obtained in the
isospin limit and therefore cannot determine the four LECs c5,
f1, f2, f3, needed to parametrize the leading order isospin
breaking between the u and d quarks [8]. 5
It is interesting to note that the central value of our pre-
dicted σπN is smaller than the sigma term, 64.9 MeV, ob-
tained in Ref. [27] by fitting to the same lattice QCD data.
This difference can be traced back to the fact that HB ChPT
can only describe the ETMC data with a χ2/d.o.f. ≈ 1.6
at NNLO. Taking into account the uncertainty of chiral trun-
cations, our result is consistent with the pion-nucleon sigma
5 Once Nf = 1 + 1 + 1 lattice data become available, such as those of
the BMW collaboration, we can predict the pion-proton and pion-neutron
sigma terms and evaluate the isospin breaking effect.
5TABLE III. Fitted LECs of theO(p3) andO(p4) EOMS BChPT with the delta-isobar contribution, as well as the predicted σpiN . The numbers
in the parentheses are the statistical uncertainties at the 68.3% confidence level.
χ2/d.o.f. m0 (GeV) c1 (GeV
−1) α (GeV−3) c2 (GeV
−3) c3 (GeV
−3) σpiN (MeV)
O(p3) 2.77 0.868 ± 0.002 −1.17± 0.05 – – – 59.7 ± 0.4
O(p4) 0.78 0.877 ± 0.010 −1.10± 0.22 20.40 ± 12.07 −8.79± 5.27 −2.30 ± 1.78 53.0 ± 6.8
This work
Alexrandrou et al., 17
BMWc 15
Ren et al., 14
ETMC, 14
Lutz et al., 14
Alvarez et al., 13
Shanahan et al., 12
BMWc 12
QCDSF 12
Young et al., 09
JLQCD 08
RQCD 16
ETMC 16
χQCD 16
QCDSF 12
Hoferichter et al., 15
Chen et al., 12
Alarcon et al., 12
Pavan et al., 02
Gasser et al., 91
 20  40  60  80  100
Phenomena
Direct
Spectrum
σpiΝ [MeV]
nf = 2
nf = 2+1
nf = 2+1+1
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term, 64.9(1.5)(13.2) MeV, of Ref. [27]. Since at “ N3LO”,
a χ2/d.o.f. ≈ 1.1 can be achieved [27], it is more reasonable
to take the “N3LO” prediction as the central value. In this
case, one would obtain σπN = 51.7(4.3)(13.2)MeV, whose
central value is in better agreement with our result.
It should be noted that our predicted pion-nucleon sigma
term is in between that from the latest phenomenological stud-
ies, σπN ∼ 60 MeV, and that from the recent LQCD calcu-
lations, σπN ∼ 40 MeV, as shown in Fig. 2. In addition, the
σπN is consistent with the value determined from our three-
flavor study [23]. This is not surprising since as shown in
Ref. [40] the SU(3) and SU(2) BChPT are consistent with
each other within uncertainties, particularly for mπ < 300
MeV. Second, one should note that our results are tied to the
quality of the lattice QCD data that we fitted. Nevertheless,
our present study provides a further consistency check on the
covariant BChPT we employed, which in many cases is essen-
tial to the determination of the σπN via the spectrum method.
B. Connection to pion-nucleon scattering
The LECs constants, c1, c2, c3, determined in the present
study can be used as inputs to perform a partial pion-nucleon
scattering analysis and calculate the pion-sigma term with the
Cheng-Dashen theorem and the scattering lengths. Such stud-
ies could provide a useful crosscheck on the reliability of
the determination of the pion-nucleon sigma term using the
Feynman-Hellmann theorem.
According to the Cheng-Dashen theorem [48], the pion-
nucleon sigma term reads
σπN = Σd +∆D −∆σ −∆R, (11)
where ∆D − ∆σ = (−1.8 ± 0.2) MeV [49], |∆R| < 2
MeV [50], Σd = f
2
π(d
+
00 + 2m
2
πd
+
01) with d
+
00 and d
+
01 the
sub-threshold parameters of pion-nucleon scattering. Up to
O(p3) [51] 6, d+00 and d+01 are solely determined by c1 and c3
6 Since there this no counter terms at O(p3), the results of d+
00
and d+
01
in
infrared ChPT are the same as the ones from the EOMS scheme.
6as
d+00 = −
2m2π
f2π
(2c1 − c3) + g
2
A(3 + 8g
2
A)m
3
π
64πf4π
,
d+01 = −
c3
f2π
− g
2
A(77 + 48g
2
A)mπ
768πf4π
. (12)
With c1 and c3 in Table II, we obtain the sigma term as
45.6(2.2)MeV and 51.8(2.2)MeV at NNLO and N3LO, re-
spectively. It is clear that these values are consistent with the
pion-nucleon sigma terms determined by fitting to the ETMC
data within uncertainties.
Recently, Hoferichter et al. [7] proposed a relationship be-
tween the pion-nucleon sigma term and the S-wave scattering
lengths, a1/2 and a3/2,
σπN = (59.1± 3.1) MeV +
∑
Is
cIs(a
Is − a¯Is), (13)
based on Roy-Steiner equations. In Refs. [46, 47], they
showed that a small σπN is related to a even smaller value
of the πN isoscalar scattering length, a+. With our c1, c2, c3
tabulated in Table II, we obtain a+ = −130.5 ± 195.1
(10−3m−1π ), using the chiral expansions of Ref. [6]. The cen-
tral value is much smaller than the one obtained from the pion-
nucleon scattering analysis, a+ = −14.8 (10−3m−1π ) [45],
but consistent within uncertainties. Such a difference is partly
due to the negative c2 obtained in our study in comparison
with the positive one from πN scattering and partly due to the
fact that at O(p4), we could not constrain well c2 and c3 sim-
ply by fitting to the ETMC nucleon masses, consistent with
the finding of Ref. [21].
IV. SUMMARY
We have reanalyzed the latest ETMC simulations of the
nucleon mass and extracted the eagerly wanted pion-nucleon
sigma term. We showed that because of the use of the co-
variant baryon chiral perturbation theory, we were able to
minimize theoretical uncertainties and obtain a pion-nucleon
sigma term, σπN = 50.2(1.2)(2.0) MeV, consistent with
those determined from the Nf = 2 + 1 and Nf = 2 analy-
ses, although more lattice QCD data on the nucleon mass, and
even on some complementary observables, are still needed to
further reduce theoretical uncertainties.
With the LECs c1, c2, and c3 determined by fitting to
the ETMC nucleon masses, we also predicted the pion-
nucleon sigma term using the Cheng-Dashen theorem and the
scattering length a+ of pion-nucleon scattering. The pion-
nucleon sigma term is consistent with that determined from
the Feynman-Hellmann theorem, but the scattering length
only marginally agrees with the one from the phenomenolog-
ical studies.
In order to better understand the current tension between
the pion-nucleon sigma terms from the lattice QCD calcula-
tions and those from the pion-nucleon scattering analyses and
to better constraint the values of c2 and c3, a combined study
of the lattice QCD nucleon masses and the pion-nucleon scat-
tering data in the same framework, such as the present one, is
in urgent need.
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